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BARRIERS TO SKIN PENETRATION*
FRANCIS N. MARZULLI, PH.D.
It is the purpose of the present investigation
to quantitate the resistance to penetration
provided by several regional areas of human
skin, as well as various skin components of these
areas. The latter task is complicated by the fact
that thickness in addition to structure, accounts
for tbe penetration resistance of tissues.
Originally, the skin itself was thought of as a
barrier. Modification of this concept resulted in
the idea that the skin's barrier capacity was
due to a rate-controlling step located in the
deepest layers of the stratum corneum (1, 2)
possibly including the stratum granulosum (3, 4,
5). Recent investigations suggest that the skin
may be a complex of many barriers of varying
capacity (6). Any structure or substance which
interposes itself in the pathway of a skin pene-
trant so as to retard the overall rate of pene-
tration can be thought of as a barrier. Each
penetrant substance encounters different barriers
in accordance witk its own chemical and physical
properties and its interaction with tissue as it
traverses the epidermis. Even the adsorption
capability of skin components, provides protec-
tion against penetration.
Our studies have been limited to the rate of
transfer of certain P32-labeled organic liquid
phosphorous compounds through excised tissues
in diffusion chambers. In vitro studies such as
these, it is expected, provide an important
technic for measuring the skin's capacity to
protect in vivo. Interpretation of results however
must be based on an intimate knowledge of skin
physiology, in addition to an appreciation of a
multitude of chemical and physical factors which
may affect the transport of substances through a
complex non-homogeneous thick membrane such
as skin.
In these studies a modification of technics
described by Treherne (5) and Ainsworth (7)
for studying permeability of skin was used.
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MATERIALS
P82-labeled (2.5 to 60 me/gm) tri-n-butyl
phesphate (TNBP) and tri-n-propyl phosphate(TNPP) were used.
Skin samples from various parts of the body
were obtained from patients at surgery and from
cadavers recently received at the morgue. At
present, tests are performed on tissue up to but
not over 12 hours after death or excision from a
patient. Stratum eorneum eonjunctum (s.e.e)
was obtained from the anterior forearms of male
volunteers (ages 20—40).
PREPARATION OF SKIN AND TISSUE COMPONENTS
1. Full thickness skin was prepared by dissecting
away the subcutaneous tissue.
2. Tbe stratum corneum has been divided by
Grueneberg (8) and other investigators into an
outer stratum corneum disjunetum and an under-
lying stratum corneum conjunetum (s.e.c.). By
repeatedly applying and removing fresh pieces of
cellulose-backed pressure-sensitive tape (9) to the
anterior forearm using a roller at 0.6 kg/em2
pressure, the disjunetum was removed in the first
4—6 strippings as loosely organized keratinous
cells. After this, a portion of the stratum eorneum
conjunetum was removed as a continuous sheet of
tissue (8). This sheet was removed from tape by
immersion in a solvent for the tape's adhesive.
After stripping off a sheet of s.e.c., a small portion
of stratum corneum conjunctum remained attached
to the underlying stratum granulosum (Fig. 1)
possibly due to splitting. Thus the s.e.c. can be
divided into a part which is removable as a sheet,
and a part which is firmly anchored to the stratum
granulosum.One hundred measurements of the stratum
eorneum (at 1 mm intervals) from the anterior
forearms of 5 cadavers showed that this tissue
averaged 37 p (33.7—40.0) in thickness. Ten dried
sheets of s.e.c. averaged 14.5 p (12.7—16.3). Dis-junetum was estimated at about 15 p and total
s.e.c. in situ (prior to splitting) at about 22 p. A
projeetina microscope was used for measuring
thickness.
3. Nail and stratum eorneum from plantar skin
were sectioned to various thicknesses with a freez-
ing mierotome. Tissues were hydrated prior to
sectioning, by exposure to an atmosphere satur-
ated with water vapor.
4. Epidermis and dermis were separated by heat
(10).
METHODS
Discs of tissue, 1 cm in diameter were cut with a
high speed power cutting tool and mounted as
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Fin. 1. Stripped and unstripped portions of skin (X 180)
diaphragms in stainless steel diffusion cells (Fig.
2). A small amount of silicone high vacuum grease
was applied to prevent leakage. Two or 3 mg of
P32-labeled agent was applied to a 0.2 cm2 area of
the upper surface of tissue in the center of the disc
and the cell was closed. As agent penetrated
tissue, it was swept away (10—20 ml/hr) by isotonic
saline at 38° C bathing its under surface. Penetra-
tion of agent up to 24 hrs was estimated from the
radioactivity of the effluent.
RESULTS
1. Stratum Corneum Conjunctum
When P22-labeled agent is applied to sheets of
s.e.c. in the diffusion cell described, a concentra-
tion gradient is established across the tissue,
which changes as the agent penetrates into the
tissue. In time, a relatively uniform gradient is
achieved and penetration becomes comparatively
constant. With TNBP, there was a gentle rise
to a steady rate, whereas with TNPP there was
a rapid rise followed by a fall to a steady rate.
The reason for the differences which preceded
the establishment of steady rates for these two
closely related agents is not clear.
The steady rate of penetration of TNPP was
significantly higher than the rate for TNBP
(Table 1). This effect was demonstrated in spite
t
—
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FIG. 2. Skin penetration cell
TABLE 1
Steady rates of penetration (18-3O hrs) of TNPP
and TNBP through isolated stratum corneum
conjunctum from anterior forearms (T = 38° C)
TNBP (5 Subjects) TNPP (10 Subjects)
pg/cm°/min jg/cm2/miss
0.43 1.90
0.27 1.40
0.27 0.83
0.23 0.78
0.23 0.70
0.23 0.65
0.22 0.50
0.22 0.47
0.13 0.40
0.13 0.37
0.13
0.12
0.11
0.11
0.11
0.07
0.03
0.18 (0.13—0.23) 0.80 (0.45—1.15)
(Significant "t" test)
of a considerable range in biologic variation.
The lower penetration rate of TNBP is consistent
with expectations based upon a comparison of
its molecular weight with that of TNPP (266
vs 224).
2. Full Thickness Skin
Classical penetration patterns for full thick-
ness skin were obtained when TNBP and TNPP
were applied to full thickness skin from various
areas. A graph relating cumulative agent pene-
tration with time shows a characteristic curve
(Fig. 3) involving a delay prior to the establish-
ment of a steady rate. When the steady rate
was established, it was not significantly affected
by addition of agent to the system. The delay
obtained with a membrane complex such as
full thickness skin is thought to be related to
tissue thickness, storage capacity of the tissue
and tissue permeability. The penetration pattern
observed with full thickness skin may be due
primarily to an artifact, however. In vivo pene-
tration requires no significant transdermal
transfer since blood vessels underlie the epidermis.
Table 2 shows steady rates of penetration
(hrs 18-24) of TNBP through full thickness
skin as related to subject and regional area.
Almost two orders of magnitude separate steady
rates obtained on the least permeable and most
permeable skins tested. Significant effects of
age, race, regional area or subject were not ob-
served in these tests. The small sample size
could account for this. Significant differences in
penetration rate as related to subject and to
regional area have been observed with other
agents.
3. Skin and Skin Components
Penetration tests of TNPP were conducted on
full skin, stripped skin, dermis and epidermis.
In order to limit the effects of variation due to
possible differences in subjects and in regional
skin areas, care was taken to compare components
PLUG
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from adjacent skin areas, and tests were con-
ducted in parallel. Additional comparative data
were obtained at the same time on sheets of s.e.c.
removed from anterior forearms.
The same general penetration pattern was
seen for full thickness, stripped skin and dermis;
in each case there was an initial delay before a
maximum steady rate of penetration was es-
tablished. Isolated epidermis behaved differ-
ently. It followed the pattern already reported
for s.e.c. (Fig. 3). Here, a barely perceptible
delay was followed—first by a rise and then a
fall to a steady rate. The mean steady rate (10—20
hrs) through dermis was significantly higher
than that through full thickness skin (Table 3)
but not through stripped skin. Although the
mean steady rate through isolated epidermis
was lower than through full skin, the difference
is not significant if surface area is taken into
account.
Epidermis and isolated s.e.c. were quantita-
t Removal of the epidermis from a disc of skin
results in a tissue which is about 1.4 times the area
of the original disc from which it was removed,
due to unfolding of epidermis. Thus full skin has
1.4 times as much effective surface area as isolated
epidermis, when used in the diffusion eel!.
tively similar as regards the average steady
state amounts of TNPP which they passed.
Thus, isolated s.e.c. appears to be independently
capable of providing penetration resistance
equal to that of the epidermis itself.
4. Stripped vs. Unstripped Epidermis
Separation of epidermis from dermis of tsr
stripping, was a formidable task, accomplished
only on partially autolyzed mammary tissue.
Penetration of TNPP (Table 4) was quite vari-
able through stripped epidermis. Mean penetra-
tion rates after 2.5 hours were about three times
as high through stripped tissue. The stripped
tissue was quite fragile, nevertheless it was not
defenseless against this liquid penetrant. Thus,
the tissue below the easily strippable portion of
s.e.c. is indeed capable of providing a signifi-
cant barrier action to TNPP. Penetration re-
sistance of stripped epidermis in these tests
could have been provided in part by that portion
of s.e.c. which adheres firmly to the stratum
granulosum after stripping the s.e.c. as a sheet
and in part by the stratum granulosum itself.
5. Penetration Resistance of Protective Tissues
to TNBP
Toe nail and plantar stratum corneum were
Tin,. in h's
FIG. 3
BARRIERS TO SKIN PENETRATION 391
sectioned to 15 ,u thicknesses for comparing their
penetration resistance to TNBP with anterior
forearm s.e.c. of the same thickness. Effects of
thickness on penetration rate were also tested
using 125 and 250 M sections of plantar stratum
corneum in addition to the 15 M sections.
All tissues showed a delay prior to establish-
ment of steady rates of penetration. A statistical
analysis of the steady rates obtained (Table 5)
showed that 15 u thicknesses of the three test
tissues were equally resistant to penetration by
TNBP.
Results obtained on different thicknesses of
plantar stratum eorneum were consistent with
predictions based upon Fick's diffusion law.
That is, the average penetration rate through
this relatively homogeneous skin component
was related to the reciprocal of tissue thickness.
DISCUSSION
It is not known at present to what extent se-
lective transport mechanisms in vivo may be
superimposed on those of passive transport,
such as diffusion. This then provides an im-
portant limitation in extrapolation of results
with excised tissue directly to man. As others
have indicated (11), penetration through non
living as well as living tissue, is more complicated
than suggested by the general form of Fick's
diffusion equation. The role of factors, such as
water and lipid solubility, partition coefficient,
molecular size, interaction of agent and tissue,
to name a few, are only beginning to be under-
stood.
The maximum steady rate of penetration
through a non-homogeneous tissue like skin,
is controlled in large measure by the least per-
meable components. Hair-bearing skin appears
to depend substantially upon the thin (20 M)
but well organized stratum corneum eonjunetum
for protective action, while palmar and plantar
areas add the dimension of thickness. In both
instances, the horny substance of the stratum
eorneum resulting from the keratinization trans-
formation process provides a chemically and
physically tough basic fabric. Close packing of
the non-nucleated-polygonal horn cells, so as to
obliterate intercellular spaces, undoubtedly
accounts for some penetration protection. In these
experiments, the numerous rows of sweat gland
openings (4/mm2), which were almost com-
pletely blocked in plantar stratum eorneum were
TABLE 2
Steady state rates of penetration of TNBP through
full thickness skin from various areas of
seven (7) male cadavers (T = 88° C)
Tissue Locus ut Origin steY12s;ttRate Mn
pg/c&/min pg/c&/min
A Scrotum 0.66, 0.58
C Scrotum 0.02, 0.02
D Scrotum 0.03, 0.06, 0.07,
0.07, 0.15
E Scrotum 0.04, 0.04 0.16
A Post Auricular 0.46, 0.06
B Post Auricular 0.75, 0.33
E Post Auricular 0.003 0.32
B Vent. Thigh 0.26, 0.13
E Vent. Thigh 0.005, 0.003 0.10
A Scalp 0.15, 0.28
B Scalp 0.12, 0.08
E Scalp 0.01, 0.01 0.11
A Instep 0.22, 0.03
B Instep 0.11, 0.11
B Instep 0.003, 0.007 0.08
A Anter Forearm 0.03, 0.08
C Anter Forearm 0.01, 0.01, 0.03
B Anter Forearm 0.09, 0.08
C Plantar 0.02, 0.01, 0.01
0.008F Plantar 0.005, 0.008
C Plantar 0.002, 0.002
Subj. A—33 yr, white, coronary
Subj. B—33 yr, negro, coronary
Subj. C—57 yr, white, suicide
Subj. D—13 yr, negro, tonsilectomy
Subj. E—25, white, auto accident
Subj. F—26 yr, negro, homicide
Subj. G—39 yr, negro, thermal burn
Not significant "t" test—subject, race, locus
No correlation—Age vs Penetration
probably not significantly different as portals
of entry from the less numerous (1.3/mm2)
much narrower bore sweat gland ducts of the
anterior forearm s.c.c. The latter are easily over-
looked during microscopic examination. The
amount of agent transferred through the rela-
tively few (about S/em2) pilosebaeeous units of
excised skin in these experiments is unknown.
It is not likely to be different, however, for full
thickness skin, where the units are presumed
to be intact, than from isolated conjunetum or
epidermis. Cursory inspection of human skin
would suggest that the surface is perforated by
its appendaged openings. Microscopic examina-
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TABLE 3
Steady rates of penetration of TNPP through skin and components at 10 to 20 hrs after application of 2
my to 0.2 cm2 surface
Exp't. Age Locus of Origin
A
Full
B
Stripped
C
Dermis
D
Epidermis
E
AnLFOICaII
14D
12D
liD
7D
15D
17D
18D
19D
21D
22D
yrs
3
3
Adult
Adult
34
57
57
57
57
57
Chest, midline
Chest, side
Chest, side
Chest, side
Chest, midline
Leg above ankle (outer)
Leg above ankle (inner)
Foot, Dorsum
Ankle, inner
Abdomen, midline
4.70
3.15
0.30
1.83
3.50
0.98
2.40
0.91
1.70
2.15
Micro grams/cm'/min
2.41 4.30 2.13
2.80 3.62 0.60
1.50 1.80 0.27
2.84 2.57 0.41
4.04 5.15 4.01
3.55 2.43 0.89
3.85 3.25 0.90
2.49 4.05 0.18
1.82 3.82 0.30
1.64 3.45 0.23
2.69 3.44 0.99
0.83
1.90
0.40
0.37
0.70
1.40
0.65
0.78
0.47
0.50
0.80Mean Rates 2.16
Analysis of Variance.
Significant Differences—C minus A.
Not Significant Differences—B minus A. C minus B, A minus 1.4 X D, D minus E.
tion of the isolated conjunctum or of the sepa-
rated epidermis reveals a continuous sheet of
tissue, indented at the site of hair follicles.
Pilosebaceous units which break off at the follicu-
lar opening to the sebaceous gland (after separa-
tion of s.e.c. or epidermis) appear to be self-
sealing.
As a research procedure, removal of keratin
by stripping has important limitations, for the
number of strippings required to remove a
fixed amount of keratin varies with the region of
skin used as well as the technic applied. It is
not surprising then, that Szakall (2) observed a
two-fold increase in transfer of water through
human skin, after stripping in vivo while Blank
(1), observed a much greater effect with excised
skin. To some extent, stripping becomes a more
quantitative procedure by using a fixed end
point—such as removal of s.e.c. as a sheet of
tissue. This particular end point is accomplished
relatively easily in vivo. On excised skin, it is
virtually impossible to remove a continuous
sheet of s.e.c.
Treherne (5) showed that non-electrolytes
such as glucose, urea and ethyl alcohol penetrated
rabbit dermis two (2) orders faster than full
thickness skin. The large number of pilosebaceous
in the relatively thin dermis of the rabbit could
have contributed in part to this effect. In the
TABLE 4
Penetration of (2 my) TNPP through stripped and
unstripped epidermis—(2.5 hrs)
Unstripped Stripped
g/cm2/min g/cm2/min
4.0 15.5
3.4 25.0
4.5 6.2
5.7 11.0
Av 4.4 (2.6—6.0) 14.4 (1.7—27.2)
Significant "t" test
present studies, the difference in permeability
between dermis and full thickness skin was not
so spectacular.
The major finding of these studies is that tests
with isolated s.e.c. show that the low permeability
of this structure alone could account for a major
barrier action in skin.
SUMMARY
1. Diffusion chamber data are given showing
steady state penetration rates for two P32-labeled
organophosphorous liquids, tri-n-butyl phosphate
(TNBP) and tri-n-propyl phosphate (TNPP)
through excised human skin and components.
2. Steady state penetration rates were re.
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TABLE 5
,Steady penetration rates of TNBP through sectioned tissues
Tissue Subjects Thickness Steady Penetration Rates Mean Rates
p
A Plantar S. Corneum 3 15 1.17, 0.33, 0.31, 0.29, 0.44, 0.23,
0.21, 0.20, 0.18, 0.14, 0.13, 0.13,
0.12
0.30 (0.13—0.46)
B Nail 2 15 0.26, 0.20, 0.20, 0.20, 0.19, 0.19,
0.19, 0.11
0.19 (0.16—0.23)
C Ant.ForearmS.Cor-
neum
5 15 0.23, 0.23, 0.22, 0.13, 0.13, 0.13,
0.11, 0.11, 0.11, 0.03, 0.43, 0.27,
0.27, 0.07, 0.23, 0.22, 0.12
0.18 (0.13—0.23)
D Plantar S. Corneum 1 125 0.21, 0.18, 0.16, 0.14, 0.10 0.16 (0.11—0.21)
E Plantar S. Corneum 2 250 0.03, 0.02, 0.01, 0.01, 0.13, 0.08,
0.02, 0.02
0.04 (0.004—0.075)
F Plantar w/dermis 3 1800—2200 0.022, 0.014, 0.007, 0.008, 0.005,
0.002, 0.002
0.008 (0.001—0.015)
A,B and C are not significantly different from one another by "t" test.
markably consistent for each tissue, when es-
tablished; however biologic variation was quite
considerable.
3. TNPP was significantly more effective in
penetrating sheets of isolated anterior forearm
stratum eorneum conjunctum (s.e.c.) and excised
full thickness skin than TNBP.
4. A comparison of the penetration resistance
of separated epidermis and isolated s.e.c. to
TNPP and to TNBP provides a basis for stating
that s.c.c. provides the epidermis its major
rate-limiting component.
5. Stripped epidermis was three times more
permeable to TNPP than unstripped epidermis,
nevertheless the stripped tissue was capable of
considerable penetration resistance. This effect
may be due to residual s.e.c. which remains
following the stripping technic employed, or to
penetration resistance of the stratum granulosum.
6. Anterior forearm s.e.c. of 15 j thickness was
equal in penetration resistance to TNBP to
equal thickness sections of plantar stratum
corneum and to toe nail.
7. Anterior forearm stratum corneum averaged
37 ,u (33.7—40.0) in thickness compared with
14.5 ,u (12.7—16.3) for that portion of s.e.c.
removable as a sheet by stripping.
8. Estimates of the stratum corneum dis-
junetum and total s.e.c. in. situ are about 15 j
and 22 respectively.
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